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Impact of the plasma exposure time on the physical properties of homo-epitaxial ZnO nanorods (NRs) and their
devices was investigated. Here, ZnO NRs were synthesized by chemical solution method on glass substrates and
treated under high intensity nitrogen plasma at different exposure timings. The as-grown as well as treated ZnO
NRs exhibited hexagonal crystal structure and (001) as a preferential orientation. While increasing the plasma
exposure time from 1 to 15 min, the structural and optical quality of ZnO NRs gradually improved and above this
exposure time, both the properties degraded. The devices fabricated with 15 min plasma treated ZnO NRs showed
excellent diode performance than the untreated nanostructures based devices. The diodes developed with treated
ZnO NRs showed a low turn-on voltage (3.3 V) than the devices developed with untreated NRs.
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Diode applications1. Background
In recent years, the development of optoelectronic, elec-
tronic and bio devices on flexible substrates has received
tremendous interest due to their unique advantages over
the rigid-substrates [1,2]. Zinc oxide (ZnO) is a wide
band gap (~3.37 eV) semiconductor compound and ex-
hibits high exciton binding energy (~60 meV, which is
2.5 times higher than that of room temperature thermal
energy), good thermal and chemical stability [3,4]. In
this aspect, different type of ZnO nanostructures in-
cluding nanosheets (NSs), nanorods (NRs), nanotubes
(NTs), nanoflowers (NFs), nanobelts (NBs), nanowires
(NWs) and nano-cages (NCs) etc. have been synthe-
sized using different physical and chemical methods,
and also adopted for various device applications [5,6].
Among various synthetic methods, low temperature
chemical solution method(s) have been widely applied
for the synthesis of ZnO nanostructures due to their
possible control over the growth parameters, scalability
and versatility. ZnO nanostructures developed with* Correspondence: ybhahn@chonbuk.ac.kr
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in any medium, provided the original work is pchemical solution approach consist of pure phase and
good stoichiometry since the growth occurs at atomic
levels. However, these ZnO nanostructures suffer with
poor structural and optical quality due to the presence
of interstitial and surface defect states [7].
The plasma treatment is a versatile method for the
processing of materials like surface cleaner, adhesion
promotion, surface energy controlling and enhance-
ment in bio-compatibility and device performance [8].
For example, oxygen radio frequency plasma treated
multi-wall carbon nanotubes (CNT) exhibited im-
proved uniformity in the distribution of surface defects
and thereby dispersion of metallic nanoparticles [9].
Excellent electrochemical contacts between carbon
nano tubes and enzymes have obtained by treating the
as-grown CNTs by nitrogen plasma due to the flip of
surface from hydrophobic to hydrophilic [10]. Similarly,
there has been a various number of reports on plasma
treated ZnO materials reported elsewhere [11-14]. By keep-
ing in mind about the future multifunctional applications
of ZnO nanostructures as flexible device and existing data,
we made an attempt to produce the best quality of ZnO
NRs by plasma treatment since it is safe and environmental
friendly than the other traditional methods. In this presentn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Figure 1 Cross sectional FESEM images of (a) as-grown and (b)
plasma treated (20 min) ZnO NRs (inset of Figure 1a shows the
surface morphology of as-grown ZnO NRs).
Figure 2 XRD profiles of as-grown and plasma treated ZnO NRs
for the three typical exposure timings of 5, 15 and 20 min.
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hydrothermally synthesized ZnO NRs since the ionic radius
of nitrogen is close to O and it also acts as deep acceptor
and good compensator [11,15]. The impact of nitrogen
plasma treatment on the surface morphology, crystal struc-
tures and optical properties of ZnO NRs reported and dis-
cussed. Further, p-n junction diodes prepared with treated
and untreated ZnO NRs and estimated their device
performance at room temperature.
2. Methodology
Vertically aligned ZnO NRs were grown by chemical
solution technique at a growth temperature of ~70°C.
In this process, zinc nitrate hexahydrate and hexa-
methylenetetramine (from Sigma Aldrich) analytical
grade chemicals were used as reagents without further
purification. The ZnO NRs were grown on ZnO layer
(or seed layer) coated (~50 nm) glass (bare and indium
tin oxide coated; 7–8 Ω/sq resistance) substrates. A
detailed description about the synthesis of ZnO NRs
has been reported elsewhere [16]. The as-grown ZnO
NRs structures were treated by nitrogen (4 N pure ni-
trogen gas with a flow rate of 100 sccm) plasma in the
plasma-enhanced chemical vapor deposition system
for different time spans, 0–20 min. Here, the plasma
was created at a fixed gas pressure of 200 mTorr with a
power of 100 W [12]. However, upon treatment we
have noticed a gradual raise in temperature from 25 to
120°C. Finally, the p-n junction diodes were fabricated
by spin coating of the poly(3,4-ethylenedioxythio-
phene) poly(styrenesulfonate) (PEDOT:PSS) polymer
on ZnO NRs grown on ITO/glass substrates.
The structure and morphology of the structures were
examined with X-ray diffractometer (XRD, Philips X’Pert
Pro) and field emission scanning electron microscopy
(FESEM, JSM-840 A). The photoluminescence (PL) mea-
surements were carried out at room temperature with
325 nm He-Cd laser in the wavelength rage of 350–
1000 nm. The electrical properties of the p-n diodes
were studied at room temperature by using probe station
attached with semiconductor parameter analyzer.
3. Results and discussion
3.1 Surface and structural properties
The FESEM analysis (Figure 1) reveals that the as-grown
nanorods are vertically aligned and have an average
length and diameter of 1.5 μm and 75 nm, respectively.
It also shows that the morphology of treated ZnO NRs,
even at longer exposures, remains as same as untreated
structures. On the other hand, the as-grown ZnO NRs
exhibited three XRD peaks diffracted at 2θ = 31.9, 34.55
and 36.4° (Figure 2), which belong to (100), (002) and
(101) orientations respectively since the evaluated
d-spacing values (0.2803, 02594, and 0.466 nm) exactlymatched with the bulk hexagonal ZnO data (JCPDS: 36–
1451) [16-18]. As compared to other diffraction peaks,
(002) peak is more dominant, and therefore the as-grown
ZnO NRs are preferentially oriented along <001 > direction,
i.e. c-axis. While increasing plasma exposure time, the
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exposure time of 15 min and above this, it slightly de-
creased. However, the crystallinity of ZnO NRs, i.e. the in-
tensity ratio of I(002) and I(101) peaks, gradually increased
with the increase of exposure time, as shown in Figure 3.
Further, the evaluated full width at half maximum (FWHM)
value of (002) peak decreased with the increase of ex-
posure time, as shown in Figure 3. However, at higher
exposure timings (>15 min), the plasma treated ZnO
NR structures exhibited two new diffraction peaks at
30.5 (d = 0.293 nm) and 35.4° (d = 0.253 nm), which be-
long to Zn3N2 phase [19].
A considerable improvement in the crystalline quality
of thermo chemically grown ZnO NRs with the treat-
ment of high intensity plasma can be explained using
the existing literature. In general, ZnO NRs grown by
thermo chemical method usually consist of different sur-
face defect states due to the presence of water and hy-
droxyl ions, and non-reacted Zn and O ions as
interstitial defect states [20,21]. These defect states prob-
ably act as amorphous centers and as results, the as-
grown structures exhibit slightly poor crystallinity. Upon
plasma treatment, these surface defect states probably
released due to the bombardment of energetic nitrogen
ions, which also induce the re-crystallization of Zn and
O ions. Further, the diffusion of Ni ions into the core-
lattice of ZnO probably neutralizes the defect states
present in the ZnO NRs. As result, the overall crystallin-
ity of ZnO NRs enhanced with the increase of nitrogen
plasma treatment. On the other hand, a possible reason
for the formation of Zn3N2 phase could be unintentional
raise in temperature during plasma treatment since ni-
trogen ions can easily replace the oxygen atoms at tem-
peratures higher than 110°C. Therefore, these analyses
clearly emphasized that the structure and phase purity ofFigure 3 Variation of I(002)/I(101) ratio and FWHM of ZnO NRs
as a function of plasma exposure time.ZnO NRs remains as same as the untreated nanostructures
upto the plasma exposure time of 15 min, and the crystal-
line quality of 15 min treated ZnO NRs improved nearly by
three times than that of untreated ones.
3.2 Optical emission properties
PL studies show that the as-grown ZnO NRs have a
large number of defect states that are mainly attributed
to the interstitials and vacancies of zinc and oxygen
atoms since the emission intensity of the broad band
(BB) peak centered at 590 nm is comparatively higher
than the intensity of ultra-violet (UV) peak (Figure 4) cen-
tered at 390 nm. Upon increasing the nitrogen plasma ex-
posure time, the UV peak intensity drastically increased
and BB peak intensity considerably decreased, which can be
clearly seen from Figure 5. The variation of emission inten-
sity ratio of UV and BB peaks (i.e. IUV/IBB) with plasma ex-
posure time, Figure 5, reveals that while increasing
exposure time the quality of ZnO NRs gradually increased
upto the exposure time of 15 min. Above this, a degrad-
ation in the emission quality of NRs started. These results
indicate that the structures treated for 15 min span consist
of high quality optical properties since IUV/IBB ratio of these
structures is 11 times higher than that of as-grown nano-
rods. An improvement in the optical quality of 15 min
treated ZnO NRs is attributed to the passivation of defects
states present on the surface of ZnO NRs. At higher expos-
ure timings, the regeneration of oxygen interstitials (Oi)
through the replacement of oxygen in ZnO lattice by nitro-
gen atoms probably lead the density of defect states to
higher values and causes for the overall degradation in
quality of ZnO NRs. While increasing the plasma exposure
time the structures exhibited slight red-shift in the UV peak
position upto the exposure time of 15 min and at higher
exposure timings, the UV peak position drastically shifted
towards lower wavelengths (i.e. blue-shift), Figure 6. In gen-
eral, the UV peak position, represents the near band edge
emission (band gap, Eg), strongly depends on the crystalline
quality of ZnO NRs. As observed in XRD studies, the crys-
talline quality of plasma treated ZnO NRs improved upto
the exposure time of 15 min that probably leads the band
gap of ZnO NRs to slightly lower values due to the passiv-
ation of defect states.
It is well know that in ZnO lattice matrix nitrogen im-
purities act as acceptors [22,23]. In this view, various
groups have adopted nitrogen as doping agent for the
development of p-type ZnO films and also nanostructures
[24-28]. In general, upon increasing plasma exposure time,
the amount of nitrogen implantation or absorption in ZnO
NRs increases. The incorporation of nitrogen into ZnO NR
structures probably occurs in two ways: interstitial and
substitutional doping. As interstitial doping, the nitrogen
atoms neutralize the defect states present on the surface of
ZnO materials, whereas in substitutional doping, nitrogen
Figure 6 Shift in UV peak position of ZnO NRs with increase in
plasma exposure time.Figure 4 Photoluminescence spectra of as-grown and plasma
treated ZnO NRs at different exposure timings.
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oxygen atoms. Usually, the electrical conductivity of ZnO
primarily dominated by electrons generated from oxygen
vacancies and zinc interstitial atoms [29,30]. In the present
case, the interstitial incorporation of nitrogen atoms in
place of oxygen vacancies (VO) [11,13] diminish the existing
defects states due to passivation, and leads the density of
carriers to lower values. Thus, the defects related BB peak
intensity strongly reduced. Further, the decrease of carrier
density leads band gap of ZnO NRs to lower values
since Eg α ni
2/3. At higher exposure timings, there are
two possible reasons for the formation of Zn3N2 phase: i)
replacement of oxygen atoms in Zn-O lattice by entering
nitrogen ions as substitutional impurity thereby release of
oxygen atoms as interstitials, and/or ii) nitrification of zincFigure 5 Variation of UV and BB peaks intensities and their ratio
(IUV/IBB) of ZnO NRs as a function of plasma exposure time.interstitials (Zni) under moderate temperatures [31]. The
newly formed Zn-N phase and/or regenerated oxygen in-
terstitials probably leads the band gap of ZnO NR struc-
tures to slightly higher values. Therefore, the structures
exposed to nitrogen plasma for 15 min duration consist of
better crystallinity as well as optical quality and thus, these
structures are adopted for the development of p-n junction
diodes.
3.3 Devices properties
The untreated and 15 min plasma treated ZnO NRs
grown on ITO substrates were coated with PEDOT:PSS
using spin coater with a thickness of ~4 μm thick and
allowed at room temperature for a few days. The sche-
matic diagram and cross-section FESEM images of the
device with the configuration of Glass/ITO/ZnO seed-
layer/ZnO NRs/PEDOT:PSS are shown in Figure 7. Finally,
a thin gold (Au) layer with a thickness of 100 nm was de-
posited by e-beam evaporation and the current (I) - voltageFigure 7 (a) Schematic diagram and (b) cross-section FESEM
images of ZnO NRs/polymer based p-n junction diode.
Figure 9 ln(I) versus voltage plots of p-n junctions diodes.
Reddy et al. Nano Convergence 2014, 1:26 Page 5 of 6
http://www.nanoconvergencejournal.com/content/1/1/26(V) characteristics were measured at room temperature
(Figure 8). Here, the devices prepared with untreated (D1)
and treated (D2) ZnO NRs exhibited slightly similar p-n
junction diode characteristics between the applied bias
voltages of ± 5 V. Comparatively D2 device exhibited better
I-V properties than that of D1 device [32]. For example, the
maximum current through D2 device at the forward bias
voltage of 5 V is about 32.3 μA, whereas in D1 device the
observed maximum current is nearly 10 times low
(~3.13 μA). The knee voltage (Vd) of D1 is higher (4.16 V)
than that of D2 device (3.3 V) and the rectification factor
(If/Ir) at the bias voltage of 5 V is about 78 and 408. Further,
the series resistance of D1 and D2 devices is found to be
3.4 × 105 and 5.3 × 104 Ω, respectively.
From ln(I) versus V plots (Figure 9), the diode quality
factor (n) of the devices was calculated using the for-
mula: n = (q/kT)(ΔV/Δln(I)), where q-charge of electron,
k-Boltzmann constant and T-absolute temperature. At
lower voltages (<1 V) the conduction mechanism in D1
as well as D2 devices (R1 region) dominated by diffusion
of carriers since the observed diode quality factors (n) is
greater than 2 [33]. Above this voltage, D1 exhibited
only one region (R2), whereas D2 device exhibited three
more regions (R2, R3 and R4). The ideality factor of
these devices particularly at higher voltages (>2 V) is too
high probably due to the presence of defects states (or
space-charges) on the surface of ZnO NRs. This reveals
that at higher voltages, the conduction through the de-
vices strongly dominated by the space-charge limited
current and/or its combination with series resistance.
However, the space-charge limited current region (R2)
for D2 device is low as compared to D1 device. A de-
crease in density of surface defects states in plasma treated
ZnO NRs probably the cause for better device perform-
ance than the device developed with untreated ZnO NRs.
4. Conclusions
The ZnO NRs were synthesized using simple and low
temperature chemical solution method on ZnO seededFigure 8 Current versus voltage plots of (a) untreated (D1) and
(b) treated ZnO NRs (D2) based p-n junction diodes.glass and ITO substrates. The as-grown structures were
exposed to high intensity nitrogen plasma and studied
their physical properties. Finally, the p-n junction diodes
were fabricated using as-grown and 15 min plasma treated
ZnO NRs and studied the device performance. The ob-
served results are summarized below.
The as-grown ZnO NRs have hexagonal crystal structure
and are preferentially oriented along <001 > direction. Upon
exposure to nitrogen plasma, the morphology and crystal
structure of ZnO NRs remained as same upto the exposure
time of 15 min. The ZnO NRs exposed to plasma for
15 min duration have better crystalline and optical quality
than the as-deposited and other treated nanostructures.
The devices fabricated with 15 min treated ZnO NRs ex-
hibited excellent p-n junction diode properties at room
temperature. Therefore, the overall observations empha-
sized that the quality of ZnO NRs grown even on flexible
substrates can be improved to a large extent without
disturbing their morphology as well as crystal structure
by treating them under nitrogen plasma for the dur-
ation of 15 min.
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